The linewidths of the electronic bands originating from the electron-phonon coupling in graphene are analyzed based on model tight-binding calculations and experimental angle-resolved photoemission spectroscopy (ARPES) data. Our calculations confirm the prediction that the high-energy optical phonons provide the most essential contribution to the phonon-induced linewidth of the two upper occupied σ bands near theΓ-point. For larger binding energies of these bands, as well as for the π band, we find evidence for a substantial lifetime broadening from interband scattering π → σ and σ → π, respectively, driven by the out-of-plane ZA acoustic phonons. The essential features of the calculated σ band linewidths are in agreement with recent published ARPES data [F. Mazzola et al., Phys. Rev. B. 95, 075430 (2017)] and of the π band linewidth with ARPES data presented here.
I. INTRODUCTION
Numerous experimental and theoretical studies of graphene have been presented during the last decade.
1,2 These investigations have revealed remarkable mechanical 3 , electronic 4 , optical 5 , and thermal 6 properties. However, graphene is not considered to be a good BCS superconductor 7 because of very weak electron-phonon coupling (EPC). 8 This is probably true when considering the π bands crossing the Fermi level: for neutral graphene, two nearly-linearly dispersing bands touch at the Fermi level at the charge neutrality point, also called Dirac point. In this case, or even for extreme ranges of doping levels or electrostatic gating conditions, the density of states (DOS) is low, as well as the electron-phonon matrix element. On the other hand, the situation can be considerably different in other parts of the electronic spectrum. Recently, Mazzola et al. 9, 10 reported evidence of strong EPC in the σ-band; which was revealed in angle-resolved photoemission spectroscopy (ARPES) measurements with a substantial lifetime broadening and a pronounced kink in the dispersion.
The aim of the present combined theory and experimental study has been to get insight to the scattering process determining the EPC induced linewidths of the occupied σ bands and π band. Of particular interest was to investigate the relative importance of the intraband and interband scattering as well as which dominant phonon modes drive the scattering. To the best of our knowledge, linewidth analysis of the σ bands is still missing in the literature. The phonon induced linewidth of the π band has been studied by Park et al. 11 in the binding energy range 0-2.5 eV. In the lower part of this energy range our results agrees reasonably while in the upper part, our linewidths are about twice as large.
The intraband scattering, which is found to be driven by the high energy in-plane optical phonons, is an important scattering channel for both the σ and the π band. For the two occupied uppermost σ bands this channel dominates near the EPC induced "kink", about 200 meV below the top of these bands. However, the interband π → σ and σ → π scattering can be mediated by the existence of out-of-plane vibrational modes. Our calculations reveal a substantial contribution from these scattering channels, driven by in particular the out-of-plane acoustic ZA mode, at higher binding energies.
The paper is organized as follows. In next section, Sec. II we introduce the theoretical formulation of the EPC linewidth and outline the calculation of the electron and phonon band structure. In addition we give some details about the approximations used when constructing the deformation potential. In Sec. III we present the results of the linewidth calculations for σ bands and the π band and compare with experimental data. Our summary and conclusions and some perspectives for future research are presented in Sec. IV.
II. EPC-INDUCED LINEWIDTH
Our calculations are based on the traditional theoretical framework where the distortion of the electronic Hamiltonian caused by lattice vibrations can be considered to be of first order.
In the low-temperature limit, which is the relevant case in the experiment reported by Mazzola et al. 9 , the thermal energy (≈ 6 meV) is less than the typical phonon energy (≈ 170 meV). In this case phonon emission dominates, while phonon absorption is suppressed.
The EPC contribution to the linewidth of a particular electron band n and wave vector k is calculated applying first order time dependent perturbation theory, the Fermi Golden Rule
where ε nk and ω νq represent the electron band energy and phonon frequency, respectively. The phonons are described by band index ν and wave vector q. In the harmonic approximation the deformation potential is written
where R denotes the center position of the unit cells and r s the positions of the A and B atoms within the unit cell. e ν (q) is a six dimensional polarization vector with components e ν si (q), where s=(A,B) and index i refers to the three Cartesian coordinates of the displacement vector X = (X, Y, Z). The derivative of the one-electron potential V ′ has six components V ′ si = ∂V s /∂X i . A calculation of the EPS linewidth apparently requires information about the electron structure -band structure and wave functions, and phonon structure -band structure and polarizations fields. The electron structure is achieved from a tight-binding (TB) calculations and the phonon structure from a force constant model (FCM).
A. Electron structure
In the TB approximation the wave functions ψ nk are written
where the Bloch orbitals are given by
where N denotes the number of unit cells to be summed over, φ j the basis {φ 2s , φ 2px , φ 2py , φ 2pz }. The electronic bands ε nk and coefficients c nsj (k) are obtained by solving the generalized eigenvalues problem:
where we use the short hand index notation J = js. S JJ ′ denotes the overlap matrix elements. We apply the TB parameter-set shown in Table. I. The calculated band structure is shown in Fig. 1 and agrees well with our Density functional theory (DFT) based calculation published recently. 
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B. Phonon structure
All six phonon modes are considered, three optical and three acoustic. The optical phonon modes are: longitudinal optical (LO), transversal optical (TO) and out-ofplane optical (ZO). The acoustic phonon modes are: longitudinal acoustic (LA), transversal acoustic (TA) and the out-of-plane acoustic (ZA). Applying a FCM the dynamical matrix D is calculated including up to third order nearest neighbor interactions. The force constants Φ As ll ′ are defined by
where index l denotes the components of a complex vector (ξ, η) where ξ = X + iY and η = X − iY and X = Xx + Yŷ being the atomic in-plane displacement vector. R s labels the vectors from a center A atom to the three nearest B atom, the six next-nearest A atoms and the three next-next-nearest B atoms. The in-plane force constants, in the (ξ, η) representation, are parametrized according to Falkovsky. 15 To achieve the dynamical matrix elements in the (X, Y ) representation we have to transform the force constants in 5 cm −2 for nearestneighbors (nn), next-nearest-neighbors (nnn) and next-nextnearest-neighbors (nnnn) interaction. The force constants are given in the complex representation (ξ, η), where ξ = X + iY and η = X −iY , where (X, Y ) is the Cartesian coordinate representation. All force constants are taken from Falkovsky 15 , except Φ
SU B zz
which is the force constant representing a spring connecting the carbon atoms to a rigid substrate. The value 0.38 for this force constant is set to reproduce the finite energy of the ZA mode atΓ of 24 meV in a recent DFT based calculation of graphene on SiC. the (ξ, η) representation to the (X, Y ) representation. We then derive
Fourier transforming the equation of motion we then get the eigenvalue problem:
where the subscript i labels the three components X, Y and Z of the Cartesian displacement vector X = Xx + Yŷ +Zẑ, where Z denotes the out-of-plane displacement. In addition to the parameters of Falkovsky 15 , we add a spring between all carbon atoms of the graphene layer and a rigid substrate in order to take into account the influence of the substrate in a first order approximation. The force constant of this spring is adjusted to fit the outof-plane phonon mode dispersion from a first principles calculation of the phonon band structure of graphene on SiC.
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The complete set of force constants are shown in Table. II and the phonon dispersion relation, solving Eq. (8) , is shown in Fig. 2 . The solid lines represent the phonon bands of graphene on SiC and the dashed lines the dispersion of the out of plane modes of unsupported graphene. The phonon band dispersion of unsupported graphene agrees well with our published DFT based calculation. 
C. Deformation potential
The deformation potential in the EPC matrix element
is calculated according to the Rigid Ion Approximation (RIA), displacing a spherically symmetric screened one-electron atomic model potential V (r) = −V 0 e −(r/ro) 2 . Then the basis orbital EPC matrix elements take the form
X I j and x I j denotes the Cartesian atomic displacement coordinates and electron coordinates relative the equilibrium atomic position R I , respectively.
The parameters, strength V 0 and the screening length r o are set to fit both an experimentally observed linewidth and a f irst principles calculation of EPC matrix elements. The experimental linewidth refers to the measured linewidth of the σ o band 200 meV below the top of the σ bands 10 , and to the f irst principles calculation of the quantity
which varies weakly over the square area: -0.1 au ≤ k x ,k y ≤ +0.1 au.
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III. LINEWIDTH -CALCULATIONS AND EXPERIMENT
ARPES is a powerful tool to investigate the manybody nature of solid-state systems 17, 18 . Indeed, it gives a direct measure of the spectral function of a material, which intrinsically contains information on the real and imaginary parts of a self energy Σ. Σ describes the manybody interactions, among which the most significant contributions typically come from electron phonon coupling (EPC), electron impurity scattering (EIS) and electron electron scattering (EES). For these contributions we can write Σ = Σ EP C + Σ EIS + Σ EES . In addition to this, the linewidth of the ARPES spectra is closely related to the imaginary part of Σ and it is therefore necessarily affected by all these contributions 19 . Whilst the ARPES linewidth intrinsically contains contributions from all relevant many-body interactions, EPC is commonly responsible for abrupt changes in the linewidth. Furthermore, such abrupt changes will occur on an energy-scale corresponding to the energy of the relevant phonon mode(s). These factors generally allow the EPC contribution to the linewidth to be disentangled from EIS and EES 18, 19 . In this section we compare the linewidth extracted form ARPES measurements with our corresponding tight-binding calculated linewidths, due to EPC. We will focus on the linewidth of the sigma bands σ o and σ i and the π band in the high symmetry directions of the Brillouin zone. We aim at understanding which phonon modes are most important in assisting the electron scattering and to judge the relative importance of interband and intraband scattering.
A. σ bands
We analyze the origin of the observed kink in the σ bands about 200 meV below the top of the σ bands, referring to recently presented ARPES data. 9, 10 In Fig. 3 we show the calculated linewidth of the inner and outer σ bands (σ i and σ o ) in the two high symmetry directions Γ →K andΓ →M.
The binding energy range of about 1 eV below the top of the occupied σ o and σ i bands corresponds to a region close to theΓ-point. The sudden increase of the calculated total linewidth (σ o : sum of contributions from σ o → σ o , σ i → σ o and π → σ o and σ i : sum of contributions from σ o → σ i , σ i → σ i and π → σ i ) is found in both symmetry directions at about 200 meV below the top of these sigma bands. The main contributions originate from σ inter-and intraband scattering assisted by the two high energy optical phonon modes LO and TO.
Analysing the linewidth of the σ o band in Fig. 3 , panels (a) and (b), it is interesting to note that in theΓ → K direction there is an increasing contribution from the interband scattering π → σ o assisted by the out-plane acoustic ZA mode for increasing binding energies. In the directionΓ →M the out-of-plane ZA mode driven interband scattering π → σ o is of minor importance.
The linewidth of the inner σ band σ i is shown in panels (c) and (d) in Fig. 3 . The result is reversed. The ZA mode driven π → σ i scattering is in this case more important in theΓ →M direction. The reason for this is to be found in the EPC matrix element. In the directionΓ →K then σ o |δV ZA |π is nearly totally symmetric while in the directionΓ →M, σ i |δV ZA |π is nearly totally symmetric.
We conclude that the sudden increase of the calculated full linewidth of the σ o and σ i bands at about 200 meV below the top of these bands is clear and in good agreement with experimental findings. 10 The sudden increase of the linewidth, Γ = 2 ImΣ EP C , connects to a sudden change -a kink -in the observed band energy, ε o = ε Furthermore, we find that the linewidth of σ o and σ i bands are anisotropic in the surface Brillouin zone in the energy region investigated. The increasing contribution from the interband π → σ scattering, assisted by the ZA phonon mode, indicates that this anisotropy will be even more pronounced at greater binding energies.
B. π band
The linewidth of the π band has also been investigated applying our tight-binding model based calculations. In Fig. 4 we show the result of the calculation, along the high symmetry directionsK →Γ andK →M.
The results for the linewidth for the four different phonon frequency cut-offs, 50, 100, 150 and 200 meV show that the optical high frequency modes dominates the intra π band scattering from theM point down to the top of the σ band.
The peak at E B ≈ 3 eV arises because of the increased electronic density of states due to the flat π band in region of theM point (a.k.a. the van Hove singularity) and is discussed further below.
Below the σ band maximum, E B ≈ 4 eV, the interband scattering σ i → π and σ o → π becomes increasingly more important. The green line in Fig. 4 , corresponding to a phonon energy maximum of 50 meV clearly indicates that it is only the acoustic out-of-plane ZA mode which is in operation in the σ i → π and σ o → π scattering. As the bottom of the π is approached, the contribution from these scattering channels dominate completely. This is explained by the increase of the phase space of the initial electron states, referring to the σ i and σ o bands and in addition also to the reduced slope of the π band as thē Γ point is reached.
The peak in the linewidth of the π band of unsupported graphene (dashed lines in Fig. 4 (a) an (b) ) close to the bottom of the π band is due to a large contribution near the crossing of the π band and the σ o band and the σ i band in the directionK →Γ ( Fig. 4 (a) ) andM →Γ (  Fig. 4 (b) ), respectively. This peak signals the instability of unsupported graphene due to the ∼ q 2 dispersion of the ZA mode. This singularity is lifted when graphene is supported on a substrate. 21 The finite frequency, ∼ 24 meV, at theΓ-point (see Fig. 2 ) stabilizes the crystal structure of the graphene layer.
The reason why the peaks appear at different binding energies is again, just as for the σ bands, to be found in the EPC matrix element. Considering the unit cell including the A and the B atom, we have that in thē
) (with the xaxis in the A to B direction) while in theΓ →M direction |σ i has the same form. Thus π|δV ZA |σ o will be totally symmetric in theΓ →K direction, while in theΓ →M the π|δV ZA |σ i will be totally symmetric.
ARPES measurements on monolayer graphene on SiC and their corresponding spectral linewidth are shown in Fig. 4 (c) and (d) for the π band of graphene acquired along theΓ-K andΓ-M directions, respectively. Each cut at constant energy in Fig. 4 (c,d) , a so-called momentum distribution curve (MDC), has been fitted by Lorentzian curves with inclusion of a cubic polynomial background and from the fit results, the linewidth as a function of energy is extracted. As can be seen in the figure, the linewidth shows several sudden changes occurring at E B ≈ 2; 3.3; 4.5 and 5.5 eV. Unlike our calculation (which only includes EPC contributions to the linewidth), the ARPES measurement intrinsically includes all relevant interactions. It is therefore necessary to discuss the origin of the experimentally observed linewidth changes.
At E B ≈ 2 eV, (green area in Fig. 4 (b) ) a change in the spectral linewidth is observed. At such an energy the graphene/SiC electronic dispersion is known to be affected by replica-bands. These bands originate from the interaction between the graphene and the substrate on which it is grown 20 . These bands have a weak intensity and in our experimental data are difficult to see, however the lineshape of the ARPES spectra in this region indicates the presence of additional components, and we conclude that they are responsible for the linewidth change observed experimentally at this E B value.
The linewidth changes at E B ≈ 3.3 eV and E B ≈ 4.5 eV cannot be explained by replica bands or substrate interactions (Fig. 4(c-d) , orange and purple areas, respectively): At E B ≈ 3.3 eV the e-DOS suddenly increases, due to the electron accumulation at the Van Hove (VH) singularity 22 . The VH-singularity constitutes a local maximum of the π-band at the M point of the BZ, as indicated in Fig. 1 . Therefore, the VH-singularity creates an increase in the e-DOS, and hence the probability of phonon mediated refilling of the photo-hole is dramatically increased, in good agreement with our calculations (for example, Fig. 4 (a) .
At E B ≈ 4.5 eV, a similar change in the measured linewidth is also seen. This also occurs at an energy where the e-DOS is dramatically increased, but in this case it is because of the maximum of the σ-band. Again, because the e-DOS shows a strong increase, the probability of phonon-mediated refilling dramatically increased and hence the lifetime of a photo-hole is reduced. In agreement with our tight-binding calculation, this is observed as an increase in the linewidth due to EPC.
At E B ≈ 5.5 eV, the ARPES linewidth has become very broad, and also appears to show a peak. It is difficult to unambiguously disentangle the EPC contribution to the linewidth since EES may also play a significant role here. Also, the dramatically increased ARPES linewidth hinders accurate analysis. However, it is interesting to note that the tight-binding calculation (which only includes EPC contributions to the linewidth) predicts that the linewidth will dramatically increase in this E B range, hence it seems feasible that the large measured linewidth is at least partially due to increased EPC. Unlike the previous cases where the increase in EPC was primarily due to an increase in the e-DOS, in this case, it is the crossing of the π-band with σ i and σ o which dramatically increases the efficiency of EPC by allowing phonon modes with little energy and momentum (i.e. acoustic modes) to make a large contribution.
It should also be noted that the experimentally reported changes in the spectral linewidth are small and, purely from the experiment, we cannot exclude a priori that there might be other contributions to such linewidth changes; however, the good agreement between the experiment and the tight-binding calculation (which predicts the same linewidth changes) significantly strengthens the validity of our interpretations.
IV. SUMMARY AND CONCLUSIONS
We present a theoretical investigation of the electronphonon interaction in pristine graphene and compare with experimental ARPES data. The interaction is found to be considerably stronger in the σ band than in the π band.
The theoretical linewidth analysis of the two uppermost occupied σ bands in the region of theΓ-point supports the picture that the scattering is primarily driven by the high energy optical phonon modes LO and TO.
The calculations also reveal a strong anisotropy of these σ bands in the surface Brillouin zone. In theΓ →K direction, the interband scattering π → σ, driven by the out-of-plane phonon mode ZA, dominates in most of the energy region where the σ and π bands overlap.
The calculated linewidth of the π band is compared in detail along theK →Γ andM →Γ directions with ARPES data. The main features are reproduced by the calculations. In the energy regions where the σ and π overlap the linewidth is found to be nearly isotropic in the surface Brillouin zone. Also for the π band, the interband scattering, now σ → π, dominates and the acoustic ZA mode is most important.
We show that in order to understand the variation of the linewidth it is not enough to only consider the density of state effects (for example the van Hove singularities) -it is also important to consider the symmetry of the EPC matrix element. The latter is of central importance in some regions of the BZ (for example, at the σ-band maximum). We also demonstrate that when taking the graphene-substrate coupling into account, the lattice in-stability of unsupported graphene caused by the acoustic ZA vibrational mode is removed and the sharply peaked π-band linewidth increase is reduced such that it is in better agreement with the experimental data.
